Phenotypic flexibility is a central way that organisms cope with challenging and changing environments. As endocrine signals mediate many phenotypic traits, heritable variation in hormone levels, or their context-dependent flexibility, could present an important target for selection. Several studies have estimated the heritability of circulating glucocorticoid levels under acute stress conditions, but little is known about the potential for either baseline hormone levels or rapid endocrine flexibility to evolve. Here, we assessed the potential for selection to operate on the elevation (circulating hormone levels) and flexibility of glucocorticoid reaction norms to acute restraint stress. Multivariate animal models revealed low but significant heritability in baseline (h 2 = 0.13-0.14) and stress-induced glucocorticoids (h 2 = 0.18), and moderate heritability in glucocorticoid flexibility in response to acute stress (h 2 = 0.38) in free-living juvenile tree swallows (Tachycineta bicolor; n = 408). Baseline glucocorticoids were not genetically correlated with either stress-induced glucocorticoids or glucocorticoid flexibility. These findings indicate that baseline glucocorticoids and the acute stress response are distinct traits that can be independently shaped by selection. Microevolutionary changes that influence the expression or flexibility of these endocrine mediators of phenotype may be an important way that populations adapt to changing environments and novel threats.
Introduction
To survive and reproduce in dynamic environments, organisms must continually alter the expression of a wide variety of phenotypic traits. The daunting process of altering phenotype in response to rapidly changing ecological and social contexts is often coordinated by hormone signals. Selection on endocrine expression could therefore influence the ability of organisms to cope with environmental variation and to persist in changing environments (Angelier & Wingfield, 2013; Cockrem, 2013a ). Yet while selection requires heritable variation on which to act, relatively little is known about whether the often remarkable interindividual variation in hormone levels, or their context-dependent flexibility, are heritable traits (Bonier & Martin, 2016) .
Although circulating hormone levels and other endocrine traits are highly flexible, the scope (within-individual change in endocrine expression across gradients or contexts; Taff & Vitousek, 2016) and speed of this flexibility are rarely quantified (Lema & Kitano, 2013; Hau & Goymann, 2015; Taff & Vitousek, 2016) . Instead, endocrine studies typically assess hormone levels in discrete contexts (e.g. under 'baseline' conditions, or following exposure to a specific stimulus). In contrast, studies of other flexible traits commonly use a modified reaction norm approach to assess changes in trait expression across varying environmental or social contexts -these changes are often referred to as trait flexibility, or the slope of change (Nussey et al., 2005; Dingemanse et al., 2010) . A major advantage of the reaction norm approach is that it decouples the level of trait expression in a given context from its flexibility across contexts. Analyses of behavioural reaction norms have revealed that their elevation and slope can be genetically independent traits that are differently associated with fitness; thus, selection could operate independently on behavioural expression in one context and behavioural flexibility across contexts (Nussey et al., 2007; Han & Brooks, 2014) . If endocrine traits show a similar independence between trait expression and flexibility, then determining the heritability and fitness consequences of both will likely be necessary to determine how selection can shape these key mediators of phenotype (Wada & Sewall, 2014; Taff & Vitousek, 2016) .
Glucocorticoid hormones are particularly important mediators of the phenotypic response to environmental challenges. At baseline levels, glucocorticoids bind to intracellular mineralocorticoid receptors, helping to regulate metabolic functions (Landys et al., 2006) . When vertebrates are faced with a major challenge, the activation of the hypothalamic-pituitary-adrenal (HPA) axis results in a dramatic increase in glucocorticoids that saturate mineralocorticoid receptors and begin binding predominantly with glucocorticoid receptors (Romero, 2004) . Under these conditions, glucocorticoids mediate changes in physiology and behaviour that help organisms to respond effectively to stressors (e.g. energy mobilization, alterations in antipredator and reproductive behaviour, and changes in immune function) and promote the return to homoeostasis after the termination of the stressful event (Sapolsky et al., 2000) .
Because of the key role of glucocorticoids in mediating the expression of many traits important for fitness, variation in glucocorticoid expression could influence the ability of an individual to survive and reproduce. While patterns differ within and across species, many studies have found that interindividual variation in glucocorticoids under baseline conditions, and glucocorticoid expression in animals exposed to stressors, can predict both reproductive success (Ouyang et al., 2012; Patterson et al., 2014; Vitousek et al., 2014) and survival Cabezas et al., 2007; Angelier et al., 2009) . Several recent analyses have used a reaction norm approach to begin to assess individual differences in glucocorticoid flexibility (reviewed in Hau et al., 2016; Taff & Vitousek, 2016) . At present, little is known about whether variation in endocrine flexibility predicts fitness; however, a recent analysis found that the scope of glucocorticoid flexibility in response to restraint stress predicts annual reproductive success and survival in female tree swallows (M.N. Vitousek, C.C. Taff, K.K. Hallinger, C. Zimmer & D.W. Winkler, in review) .
The presence of heritable variation in circulating glucocorticoid levels has been suggested by several studies. Artificial selection experiments in birds (Satterlee & Johnson, 1988; Baugh et al., 2012) and fish (Pottinger & Carrick, 1999) have produced lines that have high or low circulating glucocorticoid levels following exposure to acute stress, which is consistent with some degree of genetic control over this trait. Similarly, a recent analysis in free-living barn swallows (Hirundo rustica) found that circulating levels of glucocorticoids following exposure to restraint stress were moderately heritable, whereas baseline glucocorticoids had low heritability . As far as we are aware, the heritability of baseline glucocorticoid levels has not been estimated in other populations or species, but the low heritability estimates from Jenkins et al. (2014) are consistent with the generally lower repeatability of baseline glucocorticoids when compared with stress-induced glucocorticoids Cockrem et al., 2009; Cook et al., 2011) . The potential for heritable variation in glucocorticoid flexibility -across any environmental gradient or change in context or in any populationhas not, to our knowledge, been assessed.
Individual variation in endocrine expression can also be strongly influenced by environmental factors. Maternal effects and early life experiences -including exposure to stressors -can have long-term effects on circulating glucocorticoid levels, as well as on other endocrine traits, including the expression of the intracellular receptors with which glucocorticoids bind (Kapoor et al., 2006; Henriksen et al., 2011; Zimmer & Spencer, 2014) . Glucocorticoid levels also change across life-history stages and seasons (Romero, 2002; Vitousek et al., 2010; Schultner et al., 2013) , and in response to environmental conditions such as weather, predation and food availability (Clinchy et al., 2011; Wingfield, 2013a) . Because most endocrine studies focus on trait expression in specific contexts (e.g. circulating hormone levels while engaged in a specific behaviour or during acute restraint stress), little is known about how developmental or current environment influences rapid endocrine flexibility.
In this study, we used a reaction norm approach within a quantitative genetic framework to estimate the heritability of glucocorticoid expression and flexibility in free-living tree swallows (Tachycineta bicolor). We assessed the environmental and genetic components of phenotypic variation in baseline glucocorticoid levels, circulating glucocorticoids under acute restraint stress and glucocorticoid flexibility across contexts (the difference from baseline to acute stress levels). Because tree swallows have naturally high extra-pair paternity rates, most clutches contain a mix of offspring sired by two or more males. At a subset of nests (n = 51 of 108), we augmented this natural variation in genetic relatedness by conducting clutch swaps, in which eggs were reciprocally transferred between paired nests shortly after laying and prior to incubation. The varying degrees of relatedness present within and between nests therefore allowed us to partition variability in glucocorticoid concentrations between environmental (the nest in which offspring were raised) and genetic (the genetic relatedness of offspring) factors. Because the clutch swap design entailed cross-fostering offspring before the onset of incubation and the initiation of development -in contrast to the single previous estimate of the heritability of circulating glucocorticoids in a natural population -the potential for maternal effects on glucocorticoid expression (e.g. through incubation behaviour influencing temperature-dependent effects on glucocorticoid physiology: DuRant et al., 2010) was substantially reduced. We then used multivariate animal models to estimate the narrow-sense heritability and the effect of common rearing environment on variance in the elevation and flexibility of glucocorticoid reaction norms in juvenile swallows.
Materials and methods

Clutch swaps and sampling
This experiment was conducted during the tree swallow breeding season, which runs from May through July, in 2013-2015. We studied tree swallows breeding in nest boxes at the Cornell Experimental Ponds Units 2, 4 and 6 in Ithaca, New York (for a detailed description of the sites see Winkler et al., 2004) . Nest boxes were monitored throughout the breeding season to record the status of nests, eggs and nestlings. Nests were checked at least every second day from the start of nest construction through nestling day 14; a final check was made 10 days later to assess fledging success.
Tree swallows have high levels of extra-pair paternity, with many nestlings having a genetic father that differs from their social father. At the Ithaca study site, 50% of offspring are sired by extra-pair fathers and 80% of nests contain at least one extra-pair offspring (K.K. Hallinger, M.N. Vitousek & D.W. Winkler, unpublished data) , which is in accordance with estimates in other populations (Lifjeld, 1993; Lessard et al., 2014) . These high rates of extra-pair paternity cause nestlings with varying degrees of relatedness to be raised in the same nest (full and half siblings within a nest) and genetically related individuals with the same father (half siblings) to be raised in different nests. Additionally, in 2014 and 2015, we experimentally increased the variety of degrees of relatedness across different rearing environments using a cross-fostering experiment. Before the start of incubation, two or three eggs from each nest -which were randomly selected from those that had already been laid -were swapped between paired nests that had initiated clutches within 1 day of each other. Incubation typically begins on the penultimate or ultimate day of egg laying in tree swallows (Winkler et al., 2011) and can be detected by increased egg temperatures. To ensure that incubation had not yet begun, most egg swaps were conducted 2 days before clutch completion. Additionally, prior to transferring eggs, the temperature of each nest was checked to confirm that incubation had not yet begun; swaps were not conducted if egg temperatures were elevated. Reciprocal egg swaps ensured that there was no change in the total number of eggs in any nest.
In all years, adults were captured in nest boxes, either by hand or using a manually activated trap door installed on the box. Adults were banded, and a blood sample was collected from the brachial vein to be used for determination of genetic parentage. In nestlings, blood samples (~25 lL each) were collected from the brachial vein between 12:00 h and 16:00 h on day 12 or 13 after hatching. Sampling was restricted to this time period to minimize variation from diurnal endocrine fluctuations. Full broods were removed from the nest together, and blood samples were taken within 3 min (mean: 86 s) of the initial nest disturbance to determine baseline glucocorticoid levels. Stressinduced glucocorticoids were measured following a standardized restraint stress protocol (Cockrem, 2013b) in which a second blood sample was taken approximately 30 min after the initial disturbance. This standard and widely used protocol enables the assessment of how a specific stimulus -capture and restraint, which is perceived as acutely stressful to wild animals (Wingfield & Romero, 2001 ) -affects circulating glucocorticoid levels. During the 30-min interval between the collection of blood samples, nestlings were restrained by hand while morphological measurements were collected (~20 min) and subsequently placed in a cloth bag with their nest mates, in the shade, until the second sample was collected. Following blood sample collection, all nestlings were returned to their nest. Blood samples were collected in heparinized microhematocrit capillary tubes, immediately transferred to microcentrifuge tubes and stored on ice until plasma could be separated by centrifugation (~2 h later). Plasma samples were frozen at À70°C until analysis. Nestlings were banded with USGS bands, and their body mass, head-bill length and flat wing length were measured. Body mass and flat wing measurements were used to calculate a scaled body mass index (Peig & Green, 2009 ).
Glucocorticoid assays
In 2013 and 2014, total corticosterone concentrations (the primary avian glucocorticoid) were estimated using a miniaturized double antibody radioimmunoassay (Washburn et al., 2002) that has been validated for use in tree swallows (ImmuChem Corticosterone   125 I-RIA, MP Biomedicals: 07-120103; Palacios et al., 2007) . The miniaturized assay procedures follow the manufacturer's instructions, except that plasma samples are diluted 1:50, and the amount of both reagents and sample used in the assay are halved (Palacios et al., 2007) . Intra-assay variation was 4.3%, and interassay variation was 8.5%. In 2015, corticosterone levels for most samples were determined using the Arbor Assays corticosterone EIA kit (DetectX Corticosterone; Arbor Assays: K014-H5, Ann Arbor, MI, USA), following a triple ethyl acetate extraction (average efficiency: 83.7%). For EIAs, intra-assay variation was 5.4%, and interassay variation was 5.7%. A comparison of pooled samples run using both methods found a high correspondence in measured concentrations (r 2 = 0.93, F 60,1 = 809.3, n = 62, P < 0.0001) but a slight difference in overall values; thus, 2015 values were adjusted to RIA-equivalent concentrations using the formula: CORT RIA = 1.43*CORT EIA À 0.889. All samples were run in duplicate, along with a six-standard curve. For the few samples with corticosterone concentrations below the detection limit (RIA: 0.6 ng/mL, EIA: 0.8 ng/ mL), the detection threshold was substituted for measured concentration. Mean (AESE, range) baseline corticosterone levels were 9.6 (AE0.8, 0.6-136.7) ng/mL, and mean stress-induced corticosterone levels were 27.3 (AE1.2, 0.6-169.1) ng/mL.
Quantifying glucocorticoid expression and flexibility
As is common in studies that employ the reaction norm approach to examine flexibility in other phenotypic traits (Schlicting & Pigliucci, 1998; Dingemanse et al., 2010) , we generated separate measures of the level of trait expression, and its flexibility across contexts. Glucocorticoid expression was assessed using circulating hormone levels under both baseline conditions (immediately after capture) and following 30 min of acute restraint stress (Lema & Kitano, 2013) . Flexibility was considered to be the difference in hormone levels between these two contexts (Dingemanse et al., 2010) . This difference is sometimes referred to as the 'stress response' (Cook et al., 2014; Martin & Liebl, 2014) ; however, several other metrics are also commonly called the 'stress response' -including circulating stressinduced glucocorticoid levels Angelier et al., 2009; Vitousek et al., 2014; Krause et al., 2016) and total integrated hormone levels over a period of time (Cockrem & Silverin, 2002; Rensel & Schoech, 2011) . Thus, we utilize the term glucocorticoid flexibility to clearly differentiate the change in circulating hormone levels from trait expression in a given context -a distinction that has been shown to be important for understanding the function and evolution of other flexible traits (Dingemanse et al., 2010; Taff & Vitousek, 2016) . We also assessed the genetic correlations between baseline hormone levels and both measures of reactivity.
Paternity analysis, genetic sexing and pedigree construction DNA was extracted from red blood cells stored in lysis buffer using the QIAGEN â DNeasy â Blood and Tissue Kit (Valencia, CA, USA). Nine microsatellite loci previously identified for use in parentage analysis in this species (Stenzler, 2001; Makarewich et al., 2009) were amplified using multiplex polymerase chain reaction (PCR). PCR products were analysed on an ABI 3730 9 1 capillary sequencer, and Geneious v. 9.0.5 (Kearse et al., 2012) was used to call alleles. Paternity was assigned using CERVUS 3.0 (Kalinowski et al., 2007) . A full description of the PCR conditions and paternity assignment protocols is provided in the Appendix S1.
Over the 2 years of the experiment, the combination of clutch swaps and high extra-pair paternity created variable degrees of relatedness between individuals experiencing both the same and different rearing environments (detailed in the Appendix S1). The pedigree consisted of 408 offspring with both genetic mother and father identified. This pedigree included 48 swapped and 360 unswapped offspring. A total of 171 nestlings were determined to be extra-pair and 225 within pair; the extra-pair status of 12 additional nestlings could not be determined as their genetic but not their social father was successfully identified.
Statistical analysis
The variance components of ln-transformed glucocorticoid levels were estimated by fitting multivariate animal models using a Bayesian Markov Chain Monte Carlo (MCMC) technique with an identity link function implemented in the R v. 3.0.2 (R Core Team, 2013) package MCMCglmm (Wilson et al., 2009; Hadfield, 2010) . Because stress-induced glucocorticoids and glucocorticoid flexibility are not independent measurements, and because they are strongly phenotypically correlated (r 2 = 0.63, F 1,376 = 649.4, P < 0.0001), separate models were constructed that included baseline glucocorticoids in combination with one of these measures. Using these models, we were able to partition the phenotypic variance (V P ) of glucocorticoid concentrations and glucocorticoid flexibility into additive genetic, common environmental, and residual matrices, from which we extracted the additive genetic variance (V A ), common environmental variance (V E ) and residual variance (V R ). These variance components were then used to estimate narrow-sense heritability (h 2 ) and the effects of common environment (e 2 ) for each endocrine trait. h 2 was calculated as V A /V P, and e 2 was calculated as V E /V P , where V P was estimated in MCMCglmm as the sum of the posterior modes of V A , V E and V R . Additionally, the genetic correlation (r G ) between each pair of traits was calculated as COV A1;A2 = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi V A1 V A2 p (where A1 and A2 refer to the additive genetic variance for each trait).
The model included pedigree and rearing environment as random effects, where rearing environment was a unique identification code assigned to each nest. The rearing environment term therefore took into account factors such as weather, level of parental care and physical location of the nest. We also explored paternal identity and maternal identity as potential random effects. Comparison of models using the deviance information criterion (DIC) indicated that including either paternal or maternal identity as random effects reduced model fit, so neither was included in the final model. Additive genetic variance was represented by the variance estimate from the pedigree term, whereas common environmental variance was represented by the variance estimate from the rearing environment term. An inverse-gamma prior with a small degree of belief parameter (n = 1.002) was used in all models. These relatively uninformative priors were used to limit the effects of the priors on the final results (Wilson et al., 2011) . All models were run for 1 000 000 iterations with a burn-in of 50 000 iterations and every 200th iteration stored. For both pedigree and rearing environment, the effective sample size was between 3323 and 6267.
In addition to rearing environment and pedigree, we included a number of fixed effects: year, site, date of sampling, brood size at sampling, nestling age, nestling scaled body mass index (Peig & Green, 2009 ), sampling time, and the latency between initial nest disturbance and the time that the baseline blood sample was collected. At a subset of nests across all 3 years, perceived predator presence was manipulated by presenting model predators~3 m from nest boxes for 15 min up to seven times per week throughout the early reproductive period (K.K. Hallinger, M.N. Vitousek & D.W. Winkler, in review) . Although this treatment has been found to have no effect on nestling or adult glucocorticoid levels (K.K. Hallinger, M.N. Vitousek & D.W. Winkler, in review), we nevertheless included treatment as a fixed effect in full models. Excluding nonsignificant fixed effects reduced model fit, so we present only full models. Models without any fixed effects revealed similar results to the full models (Table S1 ).
Results
Total phenotypic variance was similar in both measures of the elevation of the reaction norm (baseline and stress-induced glucocorticoids). Phenotypic variance in glucocorticoid flexibility was substantially lower than the variance in either measure of elevation (Tables 1  and 2 ). Variation in baseline and stress-induced glucocorticoids had low heritability, whereas glucocorticoid flexibility was moderately heritable (Table 1) . For both baseline and stress-induced hormone levels, genetic relationship appeared to contribute less to total phenotypic variation than common environment, although these estimates did not differ significantly. Total phenotypic variance in glucocorticoid flexibility was similarly influenced by genetic relationship and common environment (Table 1) . Baseline glucocorticoids were not genetically correlated with stress-induced glucocorticoids or glucocorticoid flexibility. Baseline hormone levels were positively phenotypically correlated with stress-induced levels, but not with glucocorticoid flexibility (Table 1) .
Discussion
The capacity to rapidly shift phenotype in response to changing environmental and social contexts may be central to the ability to survive and reproduce in dynamic environments (Dingemanse & Wolf, 2013; Wingfield, 2013b) . Here, we show that variation in key mediators of phenotype -circulating glucocorticoid levels and their flexibility -are moderately heritable traits in a free-living population of tree swallows. These findings, together with the lack of a genetic correlation between baseline glucocorticoids and either their stressinduced levels or their flexibility during acute stress, indicate that baseline hormone levels and the acute stress response are distinct traits that could respond differently to selective pressures. While the heritability of endocrine flexibility has not, to our knowledge, been previously assessed, our results are consistent with findings of independence between the elevation and slope of the reaction norm of other phenotypic traits (Nussey et al., 2007; Han & Brooks, 2014) , and of a lack of genetic correlation between baseline and stress-induced glucocorticoids .
The heritability of endocrine reaction norms
The low heritability of baseline glucocorticoids seen here (0.13-0.14) is similar to the only previous heritability estimate for this trait (0.15 in juvenile barn swallows: Jenkins et al., 2014) . As a regulator of metabolic functions and energy mobilization (Landys et al., 2006) , as well as life-history decisions (Hau et al., 2010; Schultner et al., 2013) , circulating glucocorticoids under baseline (nonacute stress) conditions could significantly impact fitness (Bonier et al., 2009a; Ouyang et al., 2012) . Individual variation in baseline glucocorticoid levels in both juveniles and adults predicts components of fitness in a number of species -including reproductive success in female tree swallows (Bonier et al., 2009b ) -but these relationships are often complex and context-dependent, suggesting that selective pressures likely differ across populations and species (Hau et al., 2010; Eikenaar et al., 2012) , and through time. Nevertheless, the heritable variation in baseline glucocorticoid levels seen here indicate that this trait could respond to selection.
Glucocorticoid flexibility had a higher heritability estimate (0.38) than either baseline or stress-induced (0.18) glucocorticoids. Across vertebrates, the glucocorticoid stress response is a key component of responding to challenges and mediating rapid phenotypic change in dynamic environments (Wingfield & Sapolsky, 2003; Cockrem, 2013a) . Flexibility in glucocorticoid levels, or in hormonal responses to a stimulus, could allow an individual to match its physiological response to salient aspects of its biotic and abiotic environment (Angelier & Wingfield, 2013; Wingfield, 2013a; Hau & Goymann, 2015) . Yet while the adaptive significance of flexibility in glucocorticoid responses has been widely discussedparticularly the modulation of acute stress responses across ecological contexts (Wingfield & Sapolsky, 2003; Liebl & Martin, 2012; Krause et al., 2016 ) -very few studies have quantified environmental or stressorinduced flexibility, and none have assessed its heritability or evolutionary implications (Hau et al., 2016; Taff & Vitousek, 2016) . In contrast, several prior studiesall but one of which have used artificial selection in captive populations -have estimated the heritability of circulating stress-induced glucocorticoids to be low to moderate in both juveniles (Satterlee & Johnson, 1988; Jenkins et al., 2014) and adults (Pottinger & Carrick, 1999; Evans et al., 2006) .
Higher heritability estimates indicate that variation in a trait could respond rapidly to selection. Traits more closely associated with fitness tend to have lower heritability and reduced genetic variance. However, even under strong selection, genetic variance -and high heritabilities -can be maintained through a variety of mechanisms including fluctuating selection and disruptive selection (Mousseau & Roff, 1987; Bell, 2010) . Selection on stress-induced glucocorticoid levels is suggested by relationships between stress-induced hormone levels (in both juveniles and adults) and fitness in a number of species Cabezas et al., 2007; Angelier et al., 2009; Patterson et al., 2014; Vitousek et al., 2014) , including in this population of tree swallows (M.N. Vitousek, C.C. Taff, K.K. Hallinger, Winkler, in review) , but these relationships are by no means ubiquitous (Breuner et al., 2008) . In contrast, little is known about how selective pressures shape the scope of glucocorticoid flexibility, or the speed of glucocorticoid reaction norms (Bonier & Martin, 2016; Taff & Vitousek, 2016) . This study examined variation in glucocorticoids during the late nestling period, shortly prior to fledging. At this stage, the HPA axis is fully functional in tree swallows (Wada et al., 2009) . Mounting an appropriate response to stressors is likely to be particularly important during the immediate post-fledging period, which is a time of very high mortality from predators, pathogens and accidents -up to 79% of tree swallows do not survive their first year (Butler, 1988) . Thus, if variation in the stress response is associated with the ability to evade or recover from these threats, it is likely to be under particularly strong selection during the juvenile stage. It has not been determined whether glucocorticoid phenotypes remain consistent through ontogeny and into adulthood in tree swallows, although this consistency has been found in another avian species, the Florida scrub jay (Aphelocoma coerulescens: Rensel & Schoech, 2011) . A recent analysis of adult tree swallows in this population found that both glucocorticoid flexibility in response to restraint stress and stressinduced corticosterone levels are repeatable within and across years, but baseline glucocorticoids are not (M.N. Vitousek, C.C. Taff, K.K. Hallinger, C. Zimmer & D.W. Winkler, in review). But if endocrine phenotypes differ between nestling and adult tree swallows, then the heritability estimates of these traits may also differ.
Both of the measures of the glucocorticoid stress response used here focus on the acute response to a period of capture and restraint. This method is widely used to assess HPA activity in both field and laboratory studies because stressor exposure can easily be standardized. But despite its associations with fitness under natural contexts, the ecological relevance of how an individual responds to capture and restraint is unclear (Crespi et al., 2013; Vitousek et al., 2014) . Some evidence suggests that the hormonal response to restraint predicts natural behaviour in other contexts (Carere et al., 2010; Ouyang et al., 2012; Seltmann et al., 2012; Vitousek et al., 2014) , but it is not known whether individuals that mount a stronger hormonal response to a restraint stressor also show greater glucocorticoid flexibility across environmental gradients, or when facing ecologically relevant stressors. Determining the extent to which variation in the glucocorticoid response to restraint stress covaries with the response to other stressors is a priority for future study. Likewise, the costs and limits operating on rapid endocrine flexibility across contexts are not well understood (Taff & Vitousek, 2016) . Because of the potential for selection on endocrine flexibility to produce rapid changes in suites of phenotypic traits (Lema & Kitano, 2013; Hau et al., 2016) , assessing whether there is heritable variation in endocrine flexibility in response to a diversity of ecologically relevant stimuli, and whether endocrine flexibility is linked with fitness in different environments, should be priorities for future study.
Baseline glucocorticoids were not genetically correlated with either stress-induced hormones or glucocorticoid flexibility. The lack of genetic covariation or correlation is consistent with the only other analysis to have addressed this relationship in a natural population (juvenile free-living barn swallows: Jenkins et al., 2014) . These patterns are also consistent with the results of selection studies, which indicate that selection on stress-induced glucocorticoids, or on the behavioural response to challenges, does not result in correlated changes in baseline hormone levels (Satterlee & Johnson, 1988; Pottinger & Carrick, 1999; Baugh et al., 2012) . Circulating glucocorticoid levels under baseline conditions may therefore be regulated by different genetic factors than those that shape the acute stress response. The presence or absence of correlations between endocrine trait expression and plasticity can have important implications for how these traits evolve through selection. For example, genetic correlations between the elevation and slope of trait expression can impose an evolutionary constraint (Dingemanse & Wolf, 2013) . In contrast, if the elevation and slope of endocrine traits are truly genetically independent, then they could be shaped differently by selection. The presence of individual differences in endocrine flexibility within a population could enable more rapid adaptation to changing environments (Dingemanse & Wolf, 2013; Wingfield, 2013b) , particularly if endocrine flexibility can evolve independently of baseline trait expression.
Paralleling their genetic independence, baseline hormone levels were also not phenotypically correlated with glucocorticoid flexibility; however, there was a positive phenotypic correlation between baseline and stress-induced glucocorticoids. Results from a variety of studies suggest that phenotypic correlations between baseline and stress-induced hormone levels can differ across populations, as well as within populations over time (Ouyang et al., 2012; Baugh et al., 2014; Jenkins et al., 2014; Patterson et al., 2014; Vitousek et al., 2014) . Relatively few studies have used a reaction norm approach to assess phenotypic correlations between endocrine expression and flexibility, but a recent study in house sparrows found no phenotypic correlation between baseline hormone levels and the glucocorticoid response to food restriction (Lendvai et al., 2015) . It is important to note that work on other flexible traits suggests that the presence or absence of phenotypic correlations among traits does not predict their genetic correlation (Dingemanse et al., 2012) . Thus, while studies of phenotypic correlations among components of endocrine traits can provide insight into how traits function in natural environments (Hau et al., 2016) , dissecting the presence of genetic correlations among these traits remains a key priority for future research.
Environmental effects and residual variance
Baseline and stress-induced glucocorticoids, and to a lesser but still significant degree glucocorticoid flexibility, were strongly influenced by common environment. Early life environment can have permanent, and sometimes dramatic, effects on subsequent HPA axis activity (Kapoor et al., 2006; Henriksen et al., 2011; Zimmer & Spencer, 2014) . Hormone systems are also highly flexible traits that respond rapidly to changes in social and environmental factors, including weather, food availability and predation pressure (Romero, 2002; Clinchy et al., 2011; Wingfield, 2013a) . The common environmental effect detected here is therefore likely to result from a combination of temporary, reversible changes in HPA axis function induced by current environmental conditions, and permanent changes in phenotype induced by developmental environment.
In our analyses, a particularly large proportion of the total phenotypic variation in baseline glucocorticoids was captured by the residual variance term. This suggests that baseline hormone levels are especially strongly influenced by factors besides genetic relationships and nest identity. Differences between individuals raised in the same nest could be a significant contributor to this variation (e.g. feeding rates, parasite load, pathogen exposure: Kacelnik et al., 1995; Simon et al., 2003) . Differences in dominance and epistatic genetic effects, and gene-environment interactions, would also be captured by the residual variance term, as would differences in developmental environment resulting from variable levels of yolk hormones or other compounds inside eggs. Furthermore, although eggs were swapped between nests before incubation, maternal effects could still impart variation in HPA axis activity through other avenues including the deposition of hormones or other compounds in yolks (Saino, 2005; Love et al., 2008) . Epigenetic processes that influence the maternal or paternal germ line, or offspring development, could also influence both heritability estimates and the residual variance term (e.g. Weaver et al., 2004; Rodgers et al., 2015) . Such effects are extremely difficult to control for in free-living populations, but are likely to contribute to the phenotypic variation observed in these traits (Love et al., 2008) . Addressing the importance of these factors in generating variation in circulating hormone levels is thus an important question that merits further study.
The ability to separate environmental effects and other sources of variance from genetic effects is important for accurately estimating heritability. In this regard, birds and other oviparous taxa present an advantage over those with internal gestation, in that many aspects of developmental environment can be more readily controlled. In this study, eggs were transferred among nests prior to the start of incubation, to enable the full separation of genetic background and nest environment. This approach may be particularly important for accurately estimating the heritability of glucocorticoid responses, which can be strongly impacted by incubation temperature in birds (DuRant et al., 2010) . However, because tree swallows, like many birds, typically begin incubation on the ultimate or penultimate day of egg laying (Winkler et al., 2011) , transfers must be conducted before the completion of laying to ensure that incubation has not yet begun. If last-laid eggs differ in glucocorticoid levels, or other compounds that impact subsequent HPA activity, the exclusion of these eggs from transfers could also affect our estimates. The effect of laying order on yolk glucocorticoids has not, to our knowledge, been examined in tree swallows. Previous analyses in other species have yielded mixed results: lay order is associated with corticosterone concentration in the eggs of some species, but not in others (e.g. Love et al., 2008; Poisbleau et al., 2009 ). While it is important to transfer eggs before incubation to avoid confounding developmental temperature with genetic background, a two-step transfer of eggs, in which the initial transfer was carried out prior to the onset of incubation, and subsequent eggs were transferred immediately after they were laid, could eliminate this potential bias. Monitoring natural nests closely enough to immediately detect egg laying in incubating females would be very difficult, but this type of experimental design could certainly be possible in captive populations.
Other predictors of phenotypic variation
In both models, the fixed effect of sampling latency was significantly associated with baseline corticosterone. In this study, all samples were collected within 3 min of nest disturbance. Samples collected within this window are typically assumed to reflect true baseline hormone levels; however, in some species, glucocorticoid levels appear to rise more rapidly (Romero & Reed, 2005) . When restricting our data set to shorter latency times (e.g. <2 min), we still saw a positive relationship between sampling latency and corticosterone levels. This pattern could be driven by at least two factors. First, the glucocorticoid stress response may be elevating circulating hormone levels even more rapidly than previously assumed (in <2 min). Second, physical location within the nest could influence both sampling latency and glucocorticoid levels. Nestlings located towards the top of the nest cup, and above their nest mates, often differ in body size and other phenotypic traits, and may receive a greater proportion of the food delivered to the nest by parents (e.g. Whittingham et al., 2003) . The positive relationship between glucocorticoid levels and sampling latency could reflect these underlying phenotypic differences. In accordance with this hypothesis, baseline sampling latency -which had no effect on the timing of stress-induced sample collection -was also significantly associated with variation in stress-induced glucocorticoid levels (but not glucocorticoid flexibility).
Glucocorticoid flexibility was not significantly associated with any of the fixed effects. Stress-induced hormone levels were predicted by age and site. The significant age effect (day 12 vs. 13 post-hatching) could reflect ontogenetic changes in the stress response, or be an artefact of environmental conditions: during adverse conditions, offspring were more often banded on day 13, as they sometimes remained too small to band on day 12. Age was not, however, a significant predictor of variation in baseline glucocorticoids. Site differences in hormone levels could reflect differences in the phenotype of parents that settle in different areas, or differences in food availability or other biotic or abiotic factors across small geographical scales.
Conclusions and future directions
Our results indicate that circulating glucocorticoid levels and glucocorticoid flexibility are heritable traits that could respond to selection. Furthermore, baseline hormone levels and their context-dependent flexibility are genetically distinct traits that could evolve separately in this population. The potential for variation in hormone levels to impact fitness has been widely demonstrated, but very little is known about the potential for selection to shape variation in glucocorticoid flexibility. Selection has, however, been shown to shape reversible flexibility in behavioural and life-history traits, many of which are hormonally mediated (e.g. Nussey et al., 2005) . Key priorities for future research include assessing the degree to which variation in the shape of glucocorticoid reaction norms predicts fitness across environmental contexts, and determining the selection gradients that operate on these traits in different environments.
Although several recent studies have found consistent individual differences in glucocorticoid flexibility (Lendvai et al., 2014 (Lendvai et al., , 2015 , it is not known whether individuals that are more hormonally flexible in response to one stimulus or environmental gradient also show greater flexibility in other contexts (Dingemanse et al., 2012; Sih et al., 2015) . Here, we examined glucocorticoid flexibility in response to a single stimulus: acute restraint stress. Assessing the phenotypic and genetic correlations in different measures of glucocorticoid flexibility across a range of ecologically relevant contexts, and the heritability and fitness effects of these traits, is a promising direction for future research.
It is also important to note that while we focus here on circulating glucocorticoid levels under baseline conditions, and during the initial phases of the stress response, selection could operate on variation in many other components of HPA axis activity. Corticosteroid binding proteins, and the location and density of intracellular receptors, are individually variable traits that can change over relatively short timescales (Paskitti et al., 2000; Breuner & Orchinik, 2002) . Variation in each of these measures likely influences the duration of the stress response, which is terminated predominantly by negative feedback generated by glucocorticoids binding at receptors located in the hypothalamus, hippocampus and pituitary (Tasker et al., 2006) . Variation in the efficacy of negative feedback in the glucocorticoid response has been linked with performance and fitness in natural populations (Sapolsky, 1983; . Determining whether there is heritable variation in the flexibility of negative feedback, and other components of HPA axis activity, will provide further insight into the evolution of hormone systems, and the traits that they mediate.
Selection that increases or decreases the magnitude or flexibility of the endocrine mediators of phenotype may be an important way that populations adapt to changing conditions, including human-induced rapid environmental change (Wingfield, 2003; Angelier & Wingfield, 2013; Sih, 2013; Botero et al., 2015) . Understanding the potential for selection to shape the expression and flexibility of endocrine traits in natural populations can yield novel insights into how organisms survive and reproduce in variable environments, the vulnerability of populations to environmental change and the evolution of flexibility in coordinated suites of traits.
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